The immunoproteasome is a specialized type of proteasome and constitutively active in immune cells, whereas standard proteasomes are expressed in all non-immune cells. Similar to the standard 20S proteasome, immunoproteasomes are composed of two outer *α*-rings and two inner *β*-rings of seven subunits each^[@bib1]^ but contain a different set of IFN*γ*-inducible catalytic subunits, that is, low molecular mass protein (LMP) 2, multicatalytic endopeptidase complex-like 1 (MECL-1) and LMP7 that substitute *β*1, *β*2 and *β*5, respectively.^[@bib2]^ Immunoproteasomes generate antigenic peptides for improved presentation on MHC I molecules compared with the standard proteasome,^[@bib2],\ [@bib3]^ thereby mounting efficient immune surveillance by CD8^+^ T cells. Specific inhibition of the catalytic activity of LMP7 with a novel proteasome inhibitor revealed an extended function for immunoproteasomes in autoimmunity.^[@bib2],\ [@bib4],\ [@bib5],\ [@bib6]^ Studies with immunoproteasome subunit knockout mice indicated that immunoproteasomes also regulate composition and activation of lymphocyte subsets and maturation and differentiation of B and Th17 cells, which may relate to the altered transcriptional profile and cytokine expression of immunoproteasome-deficient immune cells.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ These data suggest that immunoproteasome function affects both adaptive and also innate immune cell homeostasis.^[@bib11],\ [@bib12]^

We here investigated immunoproteasome function in alveolar macrophages, which in the lungs express particularly high levels of immunoproteasomes.^[@bib13]^ These cells are highly specialized tissue-resident macrophages that colonize the respiratory surface of the lung and are essential for the pulmonary host defense against inhaled pathogens but also for resolution of tissue damage.^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^

Similar to the well-studied bone marrow-derived macrophages, alveolar macrophages are highly plastic within a multi-dimensional spectrum of pro- and anti-inflammatory activation states depending on the cytokine milieu.^[@bib18]^ Upon acute infection or injury, alveolar macrophages are activated into a classically activated M1 phenotype, and potently secrete pro-inflammatory cytokines to initiate recruitment of inflammatory cells.^[@bib19]^ M1 polarization involves LPS/IFN*γ*-mediated activation of pro-inflammatory transcription factors promoting expression of classical M1 marker genes and enhanced pathogen phagocytosis. Following the acute inflammatory burst, however, alveolar macrophages can remove cell debris and apoptotic inflammatory cells by so-called efferocytosis and polarize into alternatively activated M2 macrophages.^[@bib20]^ In response to IL-4/-13 or IL-10 signaling, alveolar macrophages then acquire an anti-inflammatory state characterized by metabolic changes, activation of anti-inflammatory signaling factors, expression of M2 marker genes and the production of anti-inflammatory and growth-promoting cytokines.^[@bib21],\ [@bib22],\ [@bib23]^ Otherwise, at certain disease conditions, M2-derived repair factors may also promote Th2 inflammatory settings and may thus have profibrotic activity.^[@bib24],\ [@bib25],\ [@bib26]^

Here, we show that alternative M2 but not classical M1 activation is regulated by the immunoproteasome as revealed by augmented M2 polarization of alveolar macrophages upon genetic deficiency of LMP7 and specific catalytic inhibition of LMP7.

Results
=======

Induction of active immunoproteasomes upon alveolar macrophage activation
-------------------------------------------------------------------------

In a first step, we characterized immunoproteasome expression during M1 and M2 polarization of murine alveolar macrophages from different mouse strains (BALB/c or C57BL/6) and the SV40-immortalized BALB/c-derived alveolar macrophage cell line MH-S. Cells were treated for 24 h either with LPS and IFN*γ* to induce M1-like phenotypes or with IL-4 for induction of M2 polarization. For all three sources of alveolar macrophages, we observed typical changes in the alveolar macrophage morphology with globular M1-polarized cells and flat adherent M2-polarized cells ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), as well as the well-known differential RNA ([Supplementary Figures S1B and C](#sup1){ref-type="supplementary-material"}) and protein ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}) expression pattern for the respective polarization states.^[@bib21],\ [@bib22],\ [@bib27]^

LPS/IFN*γ*-triggered M1 polarization uniformly upregulated RNA expression of the immunoproteasome subunits LMP2, MECL-1 and LMP7 in all three alveolar macrophage sources ([Figure 1a](#fig1){ref-type="fig"}). Kinetic analysis revealed markedly elevated RNA expression up to 72 h with slight differences in the extent of regulation for LPS and IFN*γ* ([Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}) In contrast, no significant changes were observed for IL-4-mediated M2 polarization even after 72 h ([Figure 1a](#fig1){ref-type="fig"},[Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}).

Western blot analysis confirmed pronounced upregulation of LMP2 and LMP7 in M1-polarized cells compared with unstimulated controls after 24 h ([Figure 1b](#fig1){ref-type="fig"}). Expression increased further up to 72 h ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). To our surprise, we also observed significantly elevated levels of LMP2 and in particular of LMP7 after 24 h of M2 polarization of primary alveolar macrophages ([Figure 1b](#fig1){ref-type="fig"}). Upregulation was even more pronounced after 72 h of IL-4 treatment ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}).

Of interest, protein and also RNA expression of the 20S *α*-subunits were induced to some extent in both M1- and M2-polarized cells ([Figure 1b](#fig1){ref-type="fig"}, [Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). To further corroborate the existence of catalytically active immunoproteasomes in polarized alveolar macrophages, we used a set of fluorescently labeled activity-based probes (ABPs) with distinct binding specificities to the different active sites. These ABPs covalently bind to the active-site threonine of the respective catalytic subunits and active subunits are quantified after separation of native cell extracts by SDS-PAGE ([Figure 1c](#fig1){ref-type="fig"}): Both, immunoproteasome and standard proteasome activities were significantly elevated in M1-polarized alveolar macrophages compared with the control. In M2-polarized macrophages, immunoproteasome activities were only slightly higher consistent with the relatively small increase in expression level after 24 h compared with 72 h of IL-4 treatment ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). We also observed elevated activities of the standard 20S subunits *β*1 and *β*2 and of *β*5/LMP7 subunits in both M1- and M2-polarized macrophages, which also accords to our protein expression data.

LMP7 deficiency augments M2 macrophage polarization
---------------------------------------------------

To investigate, whether immunoproteasome activity of alveolar macrophages is of any functional relevance for macrophage polarization, we polarized primary cells from wild-type (wt) and LMP7^−/−^ mice toward M1 or M2 phenotypes, respectively. LMP7 disruption did not affect viability during polarization ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}) and had no effect on M1 marker gene expression such as *Nos2*, *Tnf*, *Il1b* and *Il12b* ([Figure 2a](#fig2){ref-type="fig"}). In accordance, gene expression levels of some of the transcriptional activators of M1 polarization such as *Nfkb1*, *Rela* and *Irf5* were not altered by LMP7 deficiency ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Intriguingly, LMP7 deficiency enhanced the IL-4 effect on alternative M2 polarization of alveolar macrophages ([Figures 2b and c](#fig2){ref-type="fig"}). Gene expression of the major M2 marker *Arg1*, as well as the Th2 cytokine *Ccl17* were clearly increased in LMP7^−/−^ compared with wt cells. In addition, *Retnla* mRNA expression was considerably elevated in LMP7^−/−^ cells, whereas *Mrc1* expression was not altered. For *Arg1* expression, this effect was already evident at lower doses of 1--5 ng/ml IL-4 ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}). Secretion of CCL17 into supernatants of polarized alveolar macrophages was also significantly enhanced in M2-polarized cells from LMP7^−/−^ mice as determined by ELISA. Taken together, our results clearly indicate that expression and activity of the immunoproteasome subunit LMP7 is of functional importance for alternative M2 activation of alveolar macrophages.

To comprehensively examine the impact of LMP7 deficiency on IL-4-induced M2 polarization, we performed comparative whole-transcriptome analysis for M0 and M2 alveolar macrophages from wt and LMP7^−/−^ mice and focused mainly on genes upregulated by IL-4. Although wt and LMP7-deficient macrophages did not significantly differ in their transcriptome at the M0 state, we observed a generally increased expression of IL-4-induced genes in M2-polarized alveolar macrophages from LMP7^−/−^ mice ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Table SII](#sup1){ref-type="supplementary-material"}). Among the most regulated genes were the already investigated major M2 markers *Arg1*, and *Retnla* as well as the M2 cytokine *Ccl17*. Quantitative RT-PCR analysis of an additional set of nine strongly upregulated genes (*Rnase2a*, *Cish*, *Clec10a*, *Tfrc*, *Ptgs1*, *Chchd10*, *Sema4b*, *Ccr5* and *Il1r1)* confirmed our array results ([Figure 3b](#fig3){ref-type="fig"}). Moreover, gene ontology analysis for all genes that were upregulated in LMP7^−/−^ M2 alveolar macrophages revealed significant enrichment of pathways related to the biological process *'defense response\'*, '*response to wounding\'* and '*regulation of inflammatory response\'*, indicative for a prominent M2 inflammation resolving phenotype of LMP7-deficient alveolar macrophages ([Figure 3c](#fig3){ref-type="fig"}).

Altered IL-4 signaling in LMP7-deficient macrophages
----------------------------------------------------

Gene set enrichment analysis (GSEA) for genes regulated by the IL-4 pathway revealed aggravated expression of several IL-4-induced genes in LMP7-deficient M2 alveolar macrophages supporting the concept of altered IL-4-mediated signaling in LMP7-deficient macrophages ([Figure 4a](#fig4){ref-type="fig"}, [Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}). In the volcano plot, we identified the previously described key regulator of M2 macrophage polarization interferon regulatory factor 4 (IRF4)^[@bib28],\ [@bib29]^ as the only transcription factor among the most significantly altered genes ([Figure 4b](#fig4){ref-type="fig"}) being 2.5-fold induced by IL-4 in wt but 3.9-fold in LMP7^−/−^ cells, and finally also expressed at considerable levels ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Increased expression of IRF4 in LMP7-deficient M2 macrophages was confirmed by qRT-PCR in a kinetic analysis from 6 to 72 h of IL-4 stimulation ([Figure 4c](#fig4){ref-type="fig"}). We also confirmed M2-specific mRNA induction of IRF4 in different primary cells from C57BL/6 or BALB/c mice and in the MH-S cell line ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). At the protein level, IRF4 increased up to 72 h only after IL-4 stimulation ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). Moreover, short-term stimulation of alveolar macrophages with IL-4 revealed elevated levels of IRF4 after 180 min in LMP7-deficient cells ([Figure 4d](#fig4){ref-type="fig"}). This coincided with aggravated phosphorylation and thus activation of STAT6 and AKT, the two major signaling hubs for IL-4-induced M2 polarization ([Figures 4e and f](#fig4){ref-type="fig"}, [Supplementary Figures S4D and E](#sup1){ref-type="supplementary-material"}).^[@bib22],\ [@bib23]^

Our transcriptomic and signaling data thus corroborate that LMP7-deficient alveolar macrophages have intrinsic differences that govern a differential signaling response to IL-4 toward M2 macrophage polarization.

Altered IL-4 receptor expression in LMP7-deficient macrophages
--------------------------------------------------------------

As IL-4 induces M2 polarization via IL-4 receptor *α* (IL4R*α*), which is also activated by IL-13,^[@bib30]^ we confirmed the involvement of IL-4 receptor activation using IL-13. IL-13 also induced LMP2 and LMP7 protein expression ([Figure 5a](#fig5){ref-type="fig"}) and triggered STAT6 phosphorylation and IRF4 expression in primary alveolar macrophages ([Figure 5b](#fig5){ref-type="fig"}). Again, LMP7^−/−^ cells showed enhanced M2 polarization after IL-13 stimulation as evidenced by elevated *Arg1* and *Retnla* expression ([Figure 5c](#fig5){ref-type="fig"}). No significant alterations, however, could be detected for *Mrc1* and *Ccl17*. To shed light on the enhanced IL-4R signaling activity in LMP7-deficient cells, we next investigated IL4R*α* expression. Of note, although *Il4ra* mRNA expression was not affected by the genotype at any polarization condition ([Figure 6a](#fig6){ref-type="fig"}), IL4R*α* protein expression was significantly elevated in LMP7^−/−^ macrophages at baseline and in response to IL-4 stimulation compared with wt macrophages ([Figure 6b](#fig6){ref-type="fig"}). Elevated IL4R*α* expression by LMP7-deficient alveolar macrophages thus represents a plausible explanation for augmented IL4R signaling and enhanced IL-4/-13-induced M2 polarization.

Inhibition of LMP7 activity augments alternative macrophage polarization
------------------------------------------------------------------------

To confirm the role of the immunoproteasome subunit LMP7 for M2 polarization of alveolar macrophages and also to validate LMP7 as a drug target for modulation of IL-4 receptor signaling, we made use of the recently developed LMP7-specific immunoproteasome inhibitor ONX-0914.^[@bib6],\ [@bib31]^ This inhibitor has been shown to discriminate between the standard 20S *β*5 subunit and its immunoproteasome counterpart LMP7 and thus specifically inhibits LMP7. We first proved specificity of ONX-0914 for LMP7 using MH-S cells and an ABP pulldown assay.^[@bib32]^ Quantification of affinity-purified *β*5 and LMP7 proteasome subunits by western blotting revealed that LMP7 was specifically lost by 50% and 80% when cells had been treated with 0.1 or 0.2 *μ*M ONX-0914, respectively, whereas *β*5 was decreased only to a minor extent (\~ 30%) at the highest dose of 1 *μ*M ([Figure 7a](#fig7){ref-type="fig"}). Specificity of ONX-0914 for the LMP7 immunoproteasome subunit was also confirmed by direct western blotting of cell lysates of ONX-0914-treated cells ([Figure 7b](#fig7){ref-type="fig"}). Here, inhibitor-bound *versus* unbound active subunits were differentiated by a mobility shift of LMP7 and *β*5.

In a next step, we treated MH-S cells with ONX-0914 and analyzed IL-4-mediated signaling and M2 marker gene expression. MH-S cells were pretreated with 0.2 or 1 *μ*M ONX-0914, for a total of 5 h and stimulated with IL-4 for 180 to 15 min (see treatment scheme, [Figure 8a](#fig8){ref-type="fig"}). Very similar to the genetically depleted LMP7 macrophages, specific inhibition of LMP7 or enhanced IL-4-dependent STAT6 phosphorylation and resulted in elevated levels of IL4R*α* ([Figure 8b](#fig8){ref-type="fig"}), which was most prominent at high inhibitor doses. Importantly, the LMP7-specific inhibitor significantly increased expression of the M2 polarization markers *Arg1*, *Irf4* and *Mrc1*, which was particularly evident for 1 *μ*M of ONX-0914 and was reproducibly observed in primary alveolar macrophages ([Figure 8c](#fig8){ref-type="fig"}). In summary, our results reveal that LMP7 immunoproteasome activity is crucially involved in IL4R-driven alternative polarization of alveolar macrophages, most likely via limiting the expression of IL4R*α*.

Discussion
==========

In this study, we unravel a novel role for LMP7 immunoproteasome function for alternative activation of alveolar macrophages. We show for the first time that immunoproteasomes are induced by IL-4 receptor signaling in the course of M2 polarization via posttranscriptional mechanisms. Genetic ablation or specific catalytic inhibition of LMP7 augmented alternative activation of alveolar macrophages involving elevated IL4R*α* expression, thereby enhancing their defense response profile. Our data thus suggest a novel role of immunoproteasome activity for regulating innate immune function of macrophages by limiting IL4R expression and signaling.

Expression and activity of immunoproteasomes in polarized alveolar macrophages
------------------------------------------------------------------------------

Intriguingly, formation of active immunoproteasomes was not only induced by Th1-related stimuli like IFN*γ*/LPS but also by Th2 cytokines, such as IL-4 and IL-13. Although transcriptional induction of immunoproteasomes by LPS and IFN*γ* has been extensively described before for numerous immune and non-immune cell types^[@bib2],\ [@bib10],\ [@bib11],\ [@bib12]^ posttranscriptional upregulation and increased formation of active immunoproteasomes in response to IL-4 receptor signaling is a novel finding. IL-4 treatment of immature or mature dendritic cells (DC) did not result in increased expression and formation of immunoproteasomes but improved antigen presentation of DCs^[@bib33]^ suggesting that activation of immunoproteasomes is a distinct feature of alternatively activated macrophages.

The delayed kinetics of standard and immunoproteasome activation with a steady increase in protein levels in M1- or M2-polarized alveolar macrophages for up to 72 h suggest that upregulation of immunoproteasome activity is rather a consequence of the altered activation state of macrophages, as also suggested for DC differentiation.^[@bib33]^ As we observed an overall activation of both standard and immunoproteasomes, it is tempting to speculate that increased proteasome activity is a general feature of cellular differentiation that helps to translate transcriptional reprogramming into differential protein content as suggested previously by us.^[@bib34]^

Immunoproteasome function regulates IL-4 receptor signaling and alternative macrophage activation
-------------------------------------------------------------------------------------------------

The absence of the immunoproteasome subunit LMP7 augmented the ability of alveolar macrophages to respond to IL-4 and to polarize toward the M2 phenotype, but did not affect classical M1 activation. Accordingly, the M1 expression profile of well-known pro-inflammatory transcription factors of classical macrophage activation, for example, NF-*κ*B1 (p50/p65) and Irf5, was not altered in LMP7-depleted cells. Although the role of immunoproteasomes for canonical NF-*κ*B1 signaling has been controversially discussed,^[@bib35]^ we conclude that LMP7 is not required for p50/p65 signaling during M1 polarization of alveolar macrophages.

Remarkably, M2 polarization of alveolar macrophages was significantly disturbed by LMP7 immunoproteasome deficiency. Alternative macrophage activation was clearly enhanced in LMP7^−/−^ macrophages, as indicated by an amplified expression of the well-established M2 markers *Arg1* and *Retnla*, and release of the IL-4-dependent Th2 chemokine CCL17. Furthermore, our microarray analysis revealed that LMP7 deficiency causes extensive alterations in the transcriptome of M2-polarized cells. Intriguingly, the majority of IL-4-inducible genes, which were found to be overrepresented in LMP7-deficient cells as compared with wt M2 alveolar macrophages, are well known for their involvement in pathways of defense, response to wounding and regulation of inflammation.

Our observation that LMP7 activity regulates M2 polarization was further corroborated by analysis of hallmark signaling mediators of IL-4. In particular, IL-4-induced expression of the M2-specific transcription factor IRF4 -- a key transcription factor that controls M2 macrophage polarization^[@bib28]^ -- was already elevated at baseline levels and exceeded wt levels for up to 3 days upon LMP7 depletion. Similarly, STAT6 and AKT activation were both prolonged and enhanced in LMP7-deficient cells. As a very similar augmented M2 activation was observed for IL-13 stimulation of LMP7^−/−^ cells, our data point toward altered IL-4 receptor signaling in LMP7-deficient macrophages. Although RNA expression of IL4R*α* was not altered, protein expression was found to be significantly enhanced in LMP7^−/−^ cells already at baseline and thus most likely contributes to the amplified IL-4 and IL-13 signaling in LMP7^−/−^ alveolar macrophages. IL4R*α* turnover and ubiquitination-mediated proteasomal degradation have previously been described as an important mechanism limiting alternative M2 activation and airway inflammation,^[@bib36]^ however, a specific involvement of the immunoproteasome for degradation of IL4R*α* has not been recorded yet.

As deficiency of LMP7 is compensated by incorporation of the respective *β*5 standard proteasome subunit, LMP7-deficient animals most likely assemble mixed or intermediate types of proteasome. These have been shown to have altered enzyme kinetics that may account for the distinct phenotypes of the single immunoproteasome knockout animals.^[@bib9],\ [@bib12],\ [@bib37],\ [@bib38]^ In order to exclude that the presence of mixed immunoproteasomes in LMP7-deficient alveolar macrophages accounts for augmented IL-4 signaling and M2 polarization, we specifically inhibited the catalytic activity of LMP7 in alveolar macrophages using the LMP7-specific inhibitor ONX-0914 and assayed for M2 polarization. This approach also allowed us to investigate the druggability of immunoproteasome-dependent alternative activation of alveolar macrophages. ONX-0914 is the first of a novel class of site-specific immunoproteasome inhibitors that preferentially binds to the LMP7 catalytic site as demonstrated by crystal structure analysis of mouse immunoproteasomes^[@bib4]^ and active site-based ELISA.^[@bib6]^ It has been shown to provide potent *in vivo* anti-autoimmune activity in several mouse models.^[@bib6],\ [@bib5]^ Here, we used an activity-based pulldown to prove increased binding specificity of ONX-0914 to LMP7 over β5 and thus preferential inhibition of LMP7. Importantly, pretreatment of primary as well as MH-S cells with ONX-0914 increased IL-4 triggered M2 polarization. Again, IL4R*α* expression and STAT6 signaling were considerably augmented by impairment of LMP7 function. These results not only replicate our findings with alveolar macrophages of LMP7-deficient mice and reveal a novel role for the immunoproteasome in innate immune cell function but also provide proof-of-concept evidence for the specific therapeutic targeting of LMP7-specific proteasome activity for regulating alternative activation of alveolar macrophages.

Polarization of alveolar macrophages in lung disease
----------------------------------------------------

Since the initial recognition of IL-4-mediated alternative macrophage activation,^[@bib39],\ [@bib40]^ numerous studies have investigated polarization mainly of bone marrow- and monocyte-derived macrophages. The finding that tissue macrophages are of different origin and self-renew throughout life,^[@bib41],\ [@bib42],\ [@bib43]^ however, has stimulated research on the polarization capability of alveolar macrophages as a specific set of tissue-resident macrophages.^[@bib23]^

The essential role of alveolar macrophage plasticity for the maintenance of respiratory health is well established.^[@bib23],\ [@bib27]^ Pro-inflammatory M1 alveolar macrophages not only fight invading pathogens but also contribute to tissue damage of infected airways.^[@bib44]^ In a similar manner, M2-polarized cells are not only required for proper resolution of airway inflammation or pulmonary wound healing,^[@bib16]^ but excessive M2 activity also contributes to the pathology of chronic lung diseases characterized by increased tissue remodeling as evidenced for asthma but also suggested recently for pulmonary fibrosis.^[@bib45],\ [@bib46],\ [@bib47]^ Specifically, isolated macrophages obtained from bronchoalveolar lavage (BAL) of patients with idiopathic pulmonary fibrosis reveal an alternatively activated phenotype, produce high levels of the Th2-related chemokine CCL18 and stimulate fibroblast collagen production.^[@bib25]^ In contrast, in the Th2-driven inflammation and fibrosis model of helminth infection, alternatively activated macrophages have been shown to counterbalance acute inflammation, inhibit Th2 cell differentiation and cytokine production thereby contributing to reduced fibrosis.^[@bib48],\ [@bib49]^ The specific role of alternatively activated macrophages thus appears to be disease-dependent and may be further influenced by the origin of the macrophages as tissue-resident alveolar macrophages or inflammatory blood-derived macrophages. In support of this notion, inflammatory monocytes facilitate progression of pulmonary fibrosis, whereas alternatively activated lung macrophages have a resolution-promoting potency during the reversible phase of bleomycin-induced pulmonary fibrosis.^[@bib24]^ In the same model, the inhibitory cell surface receptor, paired Ig-like receptor B (PIR-B), which is abundantly expressed on myeloid cells of fibrotic lungs, was shown to inhibit pulmonary fibrosis and alternative macrophage polarization, suggesting that PIR-B inhibits the profibrogenic properties of alternatively activated alveolar macrophages.^[@bib50]^ In this context, recent research indicates that M2-skewed alternative activity of lung macrophages and in particular, M2-mediated induction of CCL17, enhances their profibrotic program, and/or causes a Th2-prone pathological setting thus paving the way for pulmonary fibrosis or asthma.^[@bib51],\ [@bib52],\ [@bib53]^ Augmentation of alternative macrophage activation by immunoproteasome dysfunction most likely has important consequences for homeostasis and response to environmental stimuli of the pulmonary tissue. Intriguingly, there is not much known about regulation of immunoproteasome expression and activity in respiratory disease. A recent study suggested elevated expression of immunoproteasome subunits in alveolar macrophages in patients with sarcoidosis.^[@bib54]^ Preliminary data of our group also suggest increased protein levels of LMP7 in BAL cells isolated from fibrotic lungs of bleomycin instilled mice. Future studies using LMP7-deficient mice will investigate the functional relevance of LMP7 activity for the course of bleomycin-triggered pulmonary fibrosis. Immunoproteasome function in macrophages has also been reported to be affected by alcohol and virus infection.^[@bib55]^ Our own data indicate downregulation of immunoproteasome function in the lung by cigarette smoke.^[@bib56]^ These data support the notion that immunoproteasome function in macrophages is affected by environmental stimuli and possibly altered in the course of pulmonary fibrosis. Promoting pro-resolving M2 macrophage polarization represents a promising strategy to alleviate excessive inflammatory conditions as exemplified by corticosteroid treatment of patients with mild chronic obstructive pulmonary disease in case of acute exacerbations.^[@bib57],\ [@bib58],\ [@bib59]^ Under more severe inflammatory conditions of acute respiratory distress syndrome (ARDS) and acute lung injury, however, therapeutic application of steroids remains controversial as these drugs have no benefits and are associated with adverse outcome during late stages of ARDS.^[@bib59],\ [@bib60]^ Alternative strategies of macrophage modulation that protect against acute lung injury include deletion of Akt2 kinase to effectively enhance M2 polarization of alveolar macrophages in mice while completely abrogating M1 polarization.^[@bib61]^ However, protection was limited to aseptic ARDS conditions, as the complete blocking of classical macrophage activation impaired innate immune response of alveolar macrophages to live bacteria, which is required for effective bacterial clearance. Therapeutic strategies that augment M2 activation but retain M1 plasticity may thus be more favorable for the treatment of acute lung injury. Immunoproteasome-specific inhibition may represent according to our results a more favorable approach for the treatment of pneumonia- or sepsis-related ARDS.

Materials and Methods
=====================

Animals
-------

BALB/cAnCrl wt or C57BL/6J wt were from Charles River Laboratories, Kißlegg, Germany. LMP7^−/−^ (Psmb8^tm1Hjf^)^[@bib62]^ mice with C57BL/6J background were bred at the Helmholtz Zentrum München. Eight- to 12-week-old mice were sacrificed for BAL preparation. All animal procedures were conducted with approval of the local ethics committee and the Bavarian Animal Research Authority of Germany.

Alveolar macrophage cell line
-----------------------------

Murine alveolar macrophage cell line (MH-S, derived from BALB/c) was purchased from American Type Culture Collection (Manassas, VA, USA, ATCC no. CRL-2019). Cells were grown in complete RPMI-1640 medium supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) and 50 *μ*M *β*-mercaptoethanol and 100 U/ml penicillin and streptomycin (Life Technologies, Paisley, Scotland, UK) at 37 °C and 5% CO~2~. MH-S cells were plated on 6-, 12- or 24-well plates with a density of 3 × 10^5^--6 × 10^5^ cells/cm^2^ the day before treatment.

Isolation of primary resident alveolar macrophages
--------------------------------------------------

Primary alveolar macrophages were isolated from the lungs of mice by BAL with eight washes of 1 ml PBS at room temperature. Cells were pelleted for 5 min at 1500 r.p.m. and washed twice in complete RPMI-1640 medium. In all, 1 × 10^5^--5 × 10^5^ cells were seeded in 12- or 24-well plates and were allowed to adhere for 1--3 h. Non-adherent cells were removed by washing two times with PBS.

Polarization of alveolar macrophages into M1 or M2 phenotype
------------------------------------------------------------

Primary alveolar macrophages and MH-S cells were polarized toward the M1 phenotype with LPS (1 *μ*g/ml, *E. coli* O55:B5, strain CDC 1644--70, Sigma-Aldrich, St. Louis, MO, USA) and/or IFN*γ* (20 ng/ml, Immunotool, Friesoythe, Germany) or toward the M2 phenotype with IL-4 or IL-13 (20 ng/ml, Immunotool) treatment for up to 72 h. Unpolarized cells (M0) served as controls. Cell culture supernatants were collected for measurement of CCL17. Adherent alveolar macrophages were washed twice with PBS and harvested for total RNA isolation or protein extraction.

Treatment with proteasome inhibitor ONX-0914
--------------------------------------------

For proteasome inhibitor studies, MH-S cells or primary alveolar macrophages were pretreated with ONX-0914 (APExBIO, dissolved in DMSO, Houston, TX, USA) for 2 h to 4 h 45 min, time-matched controls were treated with DMSO only. Afterward, IL-4 was added to the cell culture medium while ONX-0914 was still present.

WST-cell viability assay
------------------------

Viability testing of 24 h polarized primary wt and LMP7^−/−^ alveolar macrophages or ONX-0914-treated MH-S cells (6 or 24 h) was performed in a 96-well format with 30 000 cells per well with the WST-1 assay (Roche, Unterhaching, Germany) according to the manufacturer\'s instructions.

RNA extraction and quantitative RT-PCR analysis
-----------------------------------------------

Total RNA was extracted from alveolar macrophages using Quick-RNA MicroPrep kit (ZYMO, Freiburg, Germany). 50--1000 ng total RNA was used for cDNA synthesis by Superscript II Reverse Transcriptase kit with the protocol described previously.^[@bib63]^ To determine the expression of target genes relative to the actin housekeeper *Actb*, the ABsolute QPCR SYBR Green ROX Mix (Thermo Scientific, Wilmington, DE, USA) was used on an ABI PRISM 7000 detection system (Applied Biosystems, Foster City, CA, USA). Primer sequences are given in [Supplementary Table I](#sup1){ref-type="supplementary-material"}. Relative expression of target genes and housekeeping gene *Actb* was calculated according to the 2^−Δ*C*t^ method.^[@bib63]^

Transcriptome analysis
----------------------

### RNA isolation

Total RNA was isolated using the RNeasy Mini (Qiagen, Hilden, Germany) including RNase-Free DNase for digestion of remaining genomic DNA. The Agilent 2100 Bio-analyzer (Santa Clara, CA, USA) was used to assess RNA quality and only high-quality RNA (RIN\>7) was used for microarray analysis.

### Expression profiling

Total RNA (about 10 ng) was amplified using the Ovation PicoSL WTA System V2 in combination with the Encore Biotin IL Module (Nugen, San Carlos, CA, USA). In all, 1000 ng of amplified cDNA was hybridized to Mouse Ref-8 v2.0 Expression Bead Chips (Illumina, San Diego, CA, USA). Staining and scanning were done according to the Illumina expression protocol. Data were processed using the GenomeStudioV2011.1 software (San Diego, CA, USA; gene expression module version 1.9.0) in combination with the Mouse Ref-8^\_^V2_0\_R3_11278551_A.bgx annotation file. The background subtraction option was used and an offset to remove remaining negative expression values was introduced. CARMAweb was used for quantile normalization.^[@bib64]^

### Statistical transcriptome analysis

Statistical analyses were performed by utilizing the statistical programming environment R (R Development Core Team, free software: <https://www.r-project.org/>). Gene-wise testing for differential expression was done using the limma *t*-test (*P*\<0.05). Volcano plot, heat map and GO enrichment analysis were done with R/Biocondcutor ([www.bioconductor.org](http://www.bioconductor.org)).

### GSEA analysis

For global transcriptome comparison, GSEA was performed as follows.^[@bib65]^ All genes assessed by microarray were ranked and weighted by their mean log2 fold change. Gene set termed 'PID_IL4_2PATHWAY\' was downloaded from GSEA website. These data were then analyzed using the GSEA v2.0.13 tool (free software: <http://software.broadinstitute.org/gsea/index.jsp>). Array data have been submitted to GEO (GSE72000).

Gene set enrichment was tested between IL-4 regulated genes of LMP7^−/−^ and wt samples, using the gene expression signature of IL-4 signaling defined by the Broad Institute (<http://www.broadinstitute.org/>). The heat map shows the mean intensity of the transcripts of the gene set \'LU_IL4 signaling\' for each sample, clustered by the hierarchical method to reflect the degree of similarity.

Cell lysis and western blot
---------------------------

For protein isolation, alveolar macrophages were washed twice with ice cold PBS and lysed with RIPA buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS). Samples were centrifuged to remove cell debris and protein concentrations were determined using standard Bradford assays. In all, 10 *μ*g of protein lysates were separated on 10% SDS-PAGE and blotted onto polyvinylidene difluoride membranes (162--0177, Bio-Rad, Hercules, CA, USA). The following antibodies were used: LMP2 (ab3328, Abcam, Cambridge, UK), LMP7 (ab3329, Abcam), 20S *α*1+2+3+5+6+7 (hereafter called *α*1--7; clone MCP231, ab2267, Abcam), Psmb5 (detecting *β*5, ab90867, Abcam), AKT (4685, Cell Signaling, Beverly, MA, USA), p-AKT (4060, pSer^473^, Cell Signaling), STAT6 (9362, Cell Signaling), p-STAT6 (9361, pTyr^641^, Cell Signaling), IRF4 (M17, Santa Cruz, Dallas, TX, USA), Arginase 1 (H-52, Santa Cruz), iNOS (610331, BD Transduction Laboratories, Franklin Lakes, NJ, USA), IL4R (ab157162, Abcam), HRP-conjugated anti-*β*-actin (Sigma-Aldrich), HRP-conjugated anti-rabbit (Abcam) and anti-goat antibodies (Santa Cruz).

ABP labeling of proteasomes
---------------------------

Activity of the constitutive and immunoproteasome subunits was monitored by using a set of ABPs^[@bib66]^ as previously described.^[@bib13]^

Activity-based pulldown
-----------------------

In order to determine the specificity of the LMP7 inhibitor ONX-0914, we performed ABP-based pulldowns. For that, MH-S cells were treated with indicated concentrations of LMP7 inhibitor ONX-0914 or DMSO only (vehicle control) for 1 h. Cells were then harvested by trypsination, and the cell pellets were resuspended in TSDG buffer (10 mM Tris/HCl, 1.1 mM MgCl~2~, 10 mM EDTA, 1 mM NaN~3~, 1 mM DTT, 2 mM ATP, 10% (v/v) glycerol, pH 7.0) containing complete protease inhibitor (Roche) and directly lysed by repeated (7 ×) freeze and thawing steps in liquid nitrogen or in a water bath at RT, respectively. After centrifugation for 20 min at 14 000 × *g*, protein concentration was determined using BCA Protein Assay (Bio-Rad) and samples were stored at −80 °C. Cell lysates were defrosted and 0.5 mg of total protein was adjusted to a final concentration of 1 mg/ml with 50 mM HEPES (pH 7.4). In all, 5 *μ*M biotin--epoxomicin ABP (from 100 × DMSO stock; provided by Hermen Overkleeft^[@bib32]^) or DMSO was added and incubated for 2 h at 37 °C with 600 r.p.m. shaking. Depletion of unbound ABP was done by size exclusion using PD MidiTrap G-25 columns (GE Healthcare, Freiburg, Germany) according to the manufacturer\'s recommendations. Eluted samples were denatured by 1% SDS at 95 °C for 8 min. Samples were centrifuged for 1 min 10 000 × *g* at RT and diluted 1 : 50 in 50 mM HEPES (pH 7.4). Each 40 *μ*l of StrepTactin Superflow 50% bead slurry (IBA, Goettingen, Germany), prewashed with 50 m HEPES (pH 7.4), was added to the sample and incubated for 2 h at 4 °C on a rotator, then was washed three times with PBS. Bound proteins were eluted by boiling the beads for 15 min at 95 °C in 60 *μ*l 1 × Laemmli buffer and stored at −20 °C for further analysis. For immunodetection of proteasome subunits LMP7 and *β*5, 25 *μ*l of the elution fractions were separated on a 15% polyacrylamide gel for immunoblotting.

Chemokine analysis by ELISA
---------------------------

Cell culture supernatant of alveolar macrophages was collected after treatment with LPS/IFN*γ* and IL-4 for M1 and M2 polarization and stored at −80 °C until analysis. CCL17 concentration was measured using a specific ELISA (Duoset Detection Kit; R&D Systems, Minneapolis, MN, USA) according to the manufacturer\'s instructions. Concentrations were calculated with a standard curve (detection limit 31 pg/ml).

Statistics and software
-----------------------

Data were analyzed with ImageLab (Bio-Rad), ImageJ ([imagej.nih.gov/ij]{.ul}) or Prism5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistics were performed using Prism5 with parametric tests and appropriate *post hoc*-analysis, details for each analysis are given in the figure legends. *P*-values \<0.05 were considered statistically significant.
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ABPs

:   activity-based probes

Actb

:   actin, beta

AKT

:   thymoma viral proto-oncogene 1 (RAC-alpha serine/threonine-protein kinase)

ARDS

:   Acute respiratory distress syndrome

Arg1

:   arginase, liver

BAL

:   Bronchoalveolar lavage

Ccl17 /18

:   chemokine (C-C motif) ligand 17/18

Ccr5

:   chemokine (C-C motif) receptor 5

Chchd10

:   coiled coil-helix-coiled-coil-helix domain containing 10

Cish

:   cytokine inducible SH2-containing protein

Clec10a

:   C-type lectin domain family 10, member A

DC

:   Dentritic cell

IFNg

:   interferon gamma

Il12b

:   interleukin 12b

Il1b

:   interleukin 1 beta

Il1r1

:   interleukin 1 receptor, type I

IL4/10/13

:   interleukin 4/10/13

IL4Rα

:   IL4 receptor α

Irf4/5

:   interferon regulatory factor 4/5

LMP2/7

:   low molecular mass protein 2/7

LPS

:   Lipopolysaccharide (Endotoxin)

MECL-1

:   multicatalytic endopeptidase complex-like 1

Mrc1

:   mannose receptor, C type 1

Nfkb1

:   nuclear factor of kappa light polypeptide gene enhancer in B cells 1, p105

Nos2

:   nitric oxide synthase 2, inducible

Psma3/5/6/7/8/9/10

:   proteasome (prosome, macropain) subunit, alpha type 3/5/6/7/8/9/10

Ptgs1

:   prostaglandin-endoperoxide synthase 1

Pirb

:   paired Ig-like receptor B (PIR-B)

Rela

:   v-rel reticuloendotheliosis viral oncogene homolog A (avian)

Retnla

:   resistin like alpha

Rnase2a

:   ribonuclease, RNase A family, 2A (liver, eosinophil-derived neurotoxin)

Sema4b

:   sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short cytoplasmic domain, (semaphorin) 4B

STAT

:   signal transducer and activator of transcription

Tfrc

:   transferrin receptor; Th1/2, type 1/2 T helper cells

Tnf

:   tumor necrosis factor

Wt

:   wild type
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![Expression of immunoproteasome subunits LMP2 and LMP7 is induced in M1- and M2-polarized alveolar macrophages. (**a**) Immunoproteasome subunit gene expression in MH-S cells or primary alveolar macrophages from BALB/c or C57BL/6 polarized into M1 or M2 for 24 h by stimulation with LPS/IFN*γ* or IL-4, respectively. Non-polarized cells (M0) served as controls: *Psmb9* (LMP2), *Psmb10* (MECL-1) and *Psmb8* (LMP7) RNA expression is displayed relative to *Actb*. Results are combined data from at least three independent experiments (mean+S.E.M.). (**b**) Immunoproteasome subunit LMP2 and LMP7 protein expression as well as 20S *α*1--7 subunits in primary alveolar macrophages from C57BL/6 mice polarized for 24 h. Results are representative for three independent experiments, densitometric analysis shows the fold-increase over M0 in three different experiments (mean+S.E.M.). (**c**) Proteasome activity in polarized alveolar macrophages from C57BL/6 mice detected after 48 h stimulation by ABPs MV151 (labeling all catalytically active *β*-subunits), LW124 (*β*1 and LMP2) or MVB127 (*β*5 and LMP7). Densitometric analysis displays the combined data from three individual experiments (mean+S.E.M.) loaded on the same gel. Statistical analysis (**a**)--(**c**): One-way ANOVA with Dunnetts\'s multiple comparison test (all columns *versus* control column (M0), \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001)](cdd20163f1){#fig1}

![Deficiency of LMP7 immunoproteasome increases M2 alveolar macrophage polarization markers. (**a**) M1 marker gene expression analysis of primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice polarized toward M1 phenotype (LPS and IFN*γ* for 24 h): expression of *Nos2* (iNOS), *Tnf*, *Il1b*, *Il12b* is shown relative to *Actb*. Results are the combined data (mean+S.E.M.) from three independent experiments. (**b**) M2 marker gene expression analysis of primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice polarized toward M2 phenotype (IL-4 for 24 h): expression of *Arg1* (Arginase 1), *Ccl17*, *Retnla* (Fizz-1), *Mrc1* (mannose receptor 1) relative to *Actb* expression. Results are the combined data (mean+S.E.M.) from three independent experiments. (**c**) CCL17 secretion measured in supernatants of polarized primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice (M1: LPS and IFN*γ*; M2: IL-4 for 24 h). Results show the mean+S.E.M. from four individual mice and are representative for two independent experiments. Statistical analysis for (**a**) and (**b**): one-way ANOVA with Bonferroni\'s multiple comparison test; statistics for (**c**): Student\'s *t*-test; (\**P*\<0.05, \*\*\**P*\<0.001). bd, below detection; n.s., not significant](cdd20163f2){#fig2}

![LMP7 deficiency affects M2 polarization at the transcriptome level. (**a**) Heatmap depicting genes that are significantly upregulated in LMP7^−/−^ M2 compared with wt M2 (green, least expression; red, highest expression). (**b**) qPCR analysis of selected new M2 marker genes from the heat map: *Rnase2a*, *Cish*, *Clec10a*, *Tfrc*, *Ptgs1*, *Chchd10*, *Sema4b*, *Il1r1* and *Ccr5* are shown relative to *Actb*. Results are the mean+S.E.M. from three individual C57BL/6 wt or LMP7^−/−^ mice. (**c**) GO analysis: top GO terms enriched among genes that are upregulated in LMP7^−/−^ M2, relative to wt M2. One-way ANOVA with Bonferroni\'s multiple comparison test (\*\*\**P*\<0.001)](cdd20163f3){#fig3}

![LMP7 deficiency augments alveolar macrophage M2 signaling. (**a**) Enrichment of IL-4 signaling according to Broad Institute (<http://www.broadinstitute.org/>) \'LU_IL4 signaling\' related genes in LMP7^−/−^ M2 compared with wt M2 as shown by GSEA, IL-4 signaling. (**b**) Volcano plot showing genome-wide changes of gene expression in LMP7^−/−^ M2 relative to wt M2. X axis represents the average log2 fold change, whereas y axis indicates the -log10P. Significantly changed genes (*P*\<0.05) with × \>0.5 are represented by red circles and × \<0.5 by blue circles. (**c**) *Irf4* gene expression in primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice treated with IL-4 for up to 72 h. Results are combined data from three experiments (mean+S.E.M., two-way ANOVA with Bonferroni\'s post test, \*\**P*\<0.01, \*\*\**P*\<0.001). (**d**) Time course of IRF4 (**e**) STAT6 (pTyr^641^) and AKT (pSer^473^) pathway activation and expression within 0--180 min after IL-4 treatment in primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice. Results are representative for two independent experiments. (**f**) Densitometric analysis of protein levels of IRF4, p-STAT6 and p-AKT relative to *β*-actin for blots shown in (**d**) and (**e**)](cdd20163f4){#fig4}

![IL-13 treatment increases M2 polarization in LMP7^−/−^ alveolar macrophages. (**a**) LMP2 and LMP7 protein expression in primary alveolar macrophages from C57BL/6 mice polarized for 24 h with IL-13. (**b**) STAT6 phosphorylation (pTyr^641^), total STAT6 expression and IRF4 expression up to 72 h after IL-13 treatment, *β*-actin expression served as loading control (\* depicts residual IRF4 signal from first exposure). Results are representative for two independent experiments. (**c**) M2 marker gene expression *Arg1*, *Ccl17*, *Retnla* and *Mrc1* in primary alveolar macrophages from three individual C57BL/6 wt or LMP7^−/−^ mice (mean+S.E.M.). One-way ANOVA with Bonferroni\'s multiple comparison test; (\*\**P*\<0.01, n.s., not significant)](cdd20163f5){#fig5}

![Effect of LMP7 deficiency on IL4Rα expression in alveolar macrophages. (**a**) *Il4ra* mRNA expression analysis of primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice polarized for 24 h with LPS/IFN*γ* (M1) or IL-4 (M2), relative to *Actb* expression. Results are combined data from three independent experiments (mean+S.E.M., one-way ANOVA with Bonferroni\'s multiple comparison test; n.s., not significant). (**b**) IL4R*α* expression within 0--180 min after IL-4 treatment in primary alveolar macrophages from C57BL/6 wt or LMP7^−/−^ mice and densitometric analysis (the same membrane and thus β-Actin loading control was used for [Figure 4d](#fig4){ref-type="fig"})](cdd20163f6){#fig6}

![Activity-based inhibitor profiling of immunoproteasome LMP7-specific inhibitor ONX-0914. (**a**) Lysates of ONX-0914 inhibitor-treated MH-S cells (1 h) or DMSO-treated controls were incubated with pan-reactive proteasome ABP biotin--epoxomycin or DMSO (vehicle control). Biotin ABP-labeled active subunits were affinity purified and visualized by western blot immunodetection of catalytic immunoproteasome subunit LMP7 and standard proteasome subunit *β*5. Western blots are representative for three independent experiments, densitometric analysis shows combined results (mean+S.E.M.) of three independent experiments (activity of control is set to 100%). (**b**) Western blot of ONX-0914-treated lysates before ABP incubation reveals a mobility shift in LMP7 protein when ONX-0914 is bound. *β*-Actin served as loading control, results are representative for three independent experiments](cdd20163f7){#fig7}

![LMP7 inhibition augments M2 polarization in alveolar macrophages. (**a**) Treatment scheme for (**b**): MH-S cells were incubated for 5 h with ONX-0914 or DMSO, IL-4 was added after different time points for the indicated durations. All samples were analyzed after 5 h. (**b**) Time course of STAT6 (pTyr^641^) pathway activation and IL4R*α* expression within 0--180 min after IL-4 treatment in MH-S with or without ONX-0914 pretreatment (0.2 or 1 *μ*M). Results are representative for three independent experiments. (**c**) M2 marker gene expression (*Arg1*, *Mrc1* and *Irf4*) in MH-S cells or primary alveolar macrophages (pAM) from C57BL/6 mice: cells were pretreated with DMSO or ONX-0914 (0.2 or 1 *μ*M) for 2 h, afterward IL-4 was added for another 4 h. Untreated cells and cells treated only with IL-4 served as controls. Shown are the mean+S.E.M. of three individual experiments (MH-S) or 3--6 individual mice (pAM). One-way ANOVA with Bonferroni\'s multiple comparison test (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001)](cdd20163f8){#fig8}
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